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A wide-band current preamplifier based on a composite operational amplifier is proposed. It has been shown
that the bandwidth of the preamplifier can be significantly increased by enhancing the effective open-loop gain
of the composite preamplifier. The described preamplifier with current gain 107 V/A showed the bandwidth
of about 100 kHz with 1 nF input shunt capacitance. The current noise of the amplifier was measured to be
about 46 fA/
√
Hz at 1 kHz, close to the design noise minimum. The voltage noise was found to be about
2.9 nV/
√
Hz at 1 kHz, which is in a good agreement with the value expected for the operational amplifier used
in the input stage. By analysing the total noise produced by the preamplifier we found the optimal frequency
range suitable for the fast lock-in measurements to be from 1 kHz to 2 kHz. To get the same signal-to-noise
ratio, the reported preamplifier requires roughly 10% of the integration time used in measurements made
with a conventional preamplifier.
I. INTRODUCTION
Current or transimpedance preamplifier is one of the
most commonly used tools for signal acquisition from
high-impedance devices under test (DUT) such as photo-
diodes and bolometers. It is also widely used to measure
the low-frequency (10 Hz – 100 Hz) conductance of vari-
ous mesoscopic quantum devices, such as quantum dots,1
quantum point contacts,2 and electron interferometers3
by detecting the device current in the constant voltage
regime using the lock-in technique. The overwhelming
majority of the mesoscopic quantum devices operate at
cryogenic temperatures (below 4.2 K), as a consequence
the cryogenic DUT has to be connected to the room-
temperature preamplifier by means of long signal lines
of the cryostat. Apart from that, the signal lines are
often heavily filtered to suppress the external RF noise.
Combination of the stray capacitance of the lines and fil-
ters capacitance results in a relatively large capacitance
(0.5 nF – 5 nF) shunting the input of the preamplifier.
This large shunting capacitance reduces the measurement
bandwidth of the preamplifier and increases the over-
all background noise, which in turn reduces the signal-
to-noise ration (SNR) and requires longer data acquisi-
tion time. Therefore, it is important to develop a tran-
simpedance preamplifier, which would provide a large
(DC to ∼100 kHz) bandwidth with a large (∼1 nF) input
capacitance.
Recently, Vandersypen et al. developed a current
preamplifier based on a dual low-noise junction field ef-
fect transistor (JFET) with the open-loop gain of about
104, and demonstrated the bandwidth exceeding 100 kHz
at 1.5 nF with the current gain of 107 V/A.4 However,
it is cumbersome to build a large open-loop op-amp us-
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ing discrete components, moreover the authors did not
provide an adequate description of the op-amp circuit it-
self. Usually, it is not so difficult to find an op-amp with
high open-loop gain based on bipolar junction transistors
(BJT), but they produce too high input current noise
(few pA/
√
Hz) to be used for a current amplifier. Mean-
while, op-amps with JFET input stage have rather low
current noise (at least three orders of magnitude smaller
than that for BJT), but small open-loop gain. To over-
come these complications, we used a so-called composite
op-amp,5 which is a cascaded low noise JFET op-amp
input stage and a wide-band current feedback op-amp.
This realization makes it much easier to build a wide-
band current amplifier with low input noise.
In this report we present a simple transimpedance
preamplifier based on a composite op-amp design, which
was built using the BiFET AD743 op-amp as the low-
noise input stage, and the high performance AD811 op-
amp as the gain booster. The increased open-loop gain
allowed us to extend the bandwidth up to 100 kHz at 1 nF
input capacitance with the current gain of 107 V/A. The
total current and voltage noise of the preamplifier mea-
sured at 1 kHz ware 46 fA/
√
Hz and 2.9 nV/
√
Hz corre-
spondingly, which is comparable to that reported for the
current preamplifier built from discrete JFETs.4
II. THE BANDWIDTH OF THE CURRENT
PREAMPLIFIER
First we would like to discuss the factors determin-
ing the bandwidth of an op-amp based transimpedance
preamplifier. Figure 1 shows the equivalent circuit of
the preamplifier formed by an op-amp with the gain
bandwidth fgbw, and the feedback network RfCf . The
DUT is represented by resistor Rs shunted with input
capacitance CL. The meaning of the current and voltage
sources will be discussed later in Sec. IV.
2FIG. 1. The full equivalent circuit of the transimpedance in-
verting preamplifier formed by the operational amplifier with
gain bandwidth fgbw and feedback network RfCf . The device
under test is modeled with resistor Rs connected by the signal
line with capacitance CL.
The transimpedance preamplifier is prone to be un-
stable, especially with large input capacitance, hence
usually requires some feedback compensation with Cf .
The preamplifier transfer function is Vout = −Iin ·
Rf
[
1 + (ωRfCf)
2
]
−1/2
, where ω = 2pif , and it defines
the high-frequency cut-off as
fc =
1
2piRfCf
. (1)
The chose of the value of Cf is determined by the sta-
bility considerations, and strongly affected by the value
of CL coupled to the input. Indeed, for the circuit in
Fig. 1 to be stable the feedback zero frequency fz =
(2pi(Rs ‖ Rf)(CL+Cf))−1 should be inside the open-loop
gain curve determined asA = fgbw/f .
6 The largest stable
bandwidth in this case is set by the condition A ·β = 1 at
f = fc, where β is the feedback factor.
7 This condition is
used to find an optimal value of the feedback capacitance,
under condition RsCL ≪ RfCf ,
Cf =
√
CL
2
√
2pifgbwRf
. (2)
As seen from the Eq. (1) and Eq. (2) the input capac-
itance CL reduces the amplifier bandwidth, and a high
open-loop gain op-amp is needed to compensate for this
reduction. Alternatively, one can reduce the value of Rf ,
but in this case SNR will be seriously compromised since
it is proportional to
√
Rf . Assuming the input signal is
Iin, and the dominant background noise is dictated by
the thermal noise of Rf as Inoise =
√
4kBT/Rf , which
results in SNR = Iin/Inoise ∝
√
Rf .
Another limitation for the bandwidth of the tran-
simpedance preamplifier comes from the fact that the
op-amp gain is finite, and the shunting capacitance CL af-
fects the transfer function. The naive explanation would
be that at higher frequencies the input current Iin is
shunted by CL, and part of it is diverted to the ground,
bypassing the effective input impedance of the current
FIG. 2. The circuit diagram of the composite current pream-
plifier with the current gain 107 V/A. The composite op-amp
part of the circuit is marked by the dashed box.
preamplifier Rin = Rf/(1 + A).
8. In this case the -3dB
cut-off frequency is
f
−3 dB =
√
(
√
2− 1)fgbw
2piRfCL
= fc ·
√
(
√
2− 1) · Cf
CL
· fgbw
fc
.
(3)
Note, that in any reasonable situation CL ≫ Cf and
fgbw ≫ fc, hence f−3 dB < fc and the real-situation
bandwidth is determined by Eq. (3) rather than by
Eq. (1), unless the feedback network is overcompensated
(Cf is larger than the optimal value given by Eq. (2)). It
is clear from Eq. (1) and Eq. (3) that the only way to
compensate the bandwidth reduced by CL is to increase
the open-loop gain of the op-amp.
III. COMPOSITE OP-AMP CURRENT AMPLIFIER
Most of the commercial JFET input op-amps, which
are suitable for the current preamplifier application, have
a relatively small gain bandwidth. For example, an
ultralow-noise high speed AD743 op-amp9 has excellent
input noise characteristics, but with the rather low gain
bandwidth fgbw = 4.5 MHz. Therefore, it is difficult to
use it for a wide-band applications, since the preampli-
fier bandwidth with a 1 nF shunt capacitor and Rf = 10
7
would be about 10 KHz. To overcome this problem we
adopted the so-called composite op-amp design.5 The cir-
cuit diagram of our composite amplifier is shown in Fig. 2.
As an input stage we used the ultra-low noise AD743 op-
amp, U1. The input stage is followed by the gain booster
built as a non-inverting voltage amplifier on the current
feedback op-amp AD811, U2, with the voltage gain of
102. Both stages share the same feedback network RfCf ,
and form the composite op-amp (enclosed in the dashed
box in Fig. 2) featured with the low-noise input and the
gain bandwidth enhanced by 102 (fgbw = 450 MHz). The
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FIG. 3. (Color online) The frequency response of the compos-
ite current preamplifier shown in Fig. 2. (a) The gain flatness
at different values of input capacitance CL illustrated by the
normalized gain ∆Gain = 20 log (−Vout/IinRf). (b) The sig-
nal phase frequency response at different values of the input
capacitance CL. The value of CL increases for curves from
bottom to top.
preamplifier is completed with the voltage buffer, U3.
Several op-amps were tested as the gain booster, and
the current-feedback video op-amps usually gave bet-
ter high frequency characteristics. However, setting the
booster gain higher than 102 usually caused the circuit
instability. The input offset voltage of the composite cur-
rent preamplifier can be adjusted by nulling the first stage
op-amp with a conventional trimming circuit R1÷R3 (R3
is the multi-turn wire-wound type). To reduce the stray
capacitance of the feedback resistor, Rf was made of five
2 MOhm thick-film resistors connected in series. The
value of Cf was found experimentally by stabilising the
preamplifier with the 1 nF capacitor connected to the
input. The nominal value of Cf = 0.12 pF is close to
that found from Eq. (2) (∼0.15 pF), and it was achieved
by series connection of four 0.47 pF surface mount ce-
ramic capacitors. The open-input capacitance Cin was
estimated to be about 47 pF.
Apart from a pair of ceramic and electrolyte decoupling
capacitors (47 nF and 10 µF, correspondingly) connected
to the power supply pins of every op-amp, the power
lines were heavily filtered with LC low-pass filters, or by
the feedthrough pi-sections mounted onto the preampli-
fier chassis. To decouple the low-frequency environmen-
tal including electric power noise, the preamplifier was
powered by a pair of 12 V lead-acid batteries.
The frequency response of our composite current
preamplifier for different values of the input capacitance
CL is presented in Fig. 3. Figure 3(a) illustrates the
gain flatness given by the normilized gain ∆Gain =
20 log (−Vout/IinRf). As seen from the plot, the open
input gain (marked as ‘O.I.’) has its cut-off frequency
slightly above 100 kHz. The preamplifier gain has excel-
lent flatness up to f ≈ 10 kHz, and exhibits some peaking
only when CL exceeds 1 nF.
The gain overshoot masks the -3 dB cut-off point and it
is not straight forward to determine the bandwidth of the
amplifier. To do this we used the signal phase frequency
response, and found the bandwidth as the frequency at
which the signal phase shift is 45 degrees.10 From the
frequency response shown in Fig. 3 it is seen that the
preamplifier bandwidth is around 100 kHz for 1 nF input
capacitance, which is comparable to that of the current
amplifier built using discrete JFETs.4 Further improve-
ment of the bandwidth can be achieved by using JFET
op-amps with larger fgbw, such as AD745 and AD8610.
In our search for alternative op-amps we considered only
those, which have the possibility to balance the input
offset voltage.
IV. NOISE CHARACTERISTICS
After the frequency response of the described pream-
plifier has been verified, we focus on the issue of noise
performance. In the equivalent circuit of the preampli-
fier shown in Fig. 1 all the components are assumed to
be noiseless. The current and voltage fluctuations in the
circuit are introduced by adding corresponding voltage
and current noise sources. Here we consider the compos-
ite op-amp as a single entity, which is characterized by
its equivalent input voltage (en) and current (in) noise.
11
Another source of noise in the circuit is the thermal fluc-
tuations of the feedback resistor Rf given by the current
noise density if =
√
4kBT/Rf . The presence of the DUT
also contributes to the total noise through the thermal
fluctuations of Rs with current density is =
√
4kBT/Rs.
Assuming that all sources of noise are uncorrelated and
the op-amp gain A is large, the square of total output
voltage noise density V 2n can be written as
V 2n =
R2f
1 + (ωRfCf)2
· I2n =
R2f
1 + (ωRfCf)2
[
i2s + i
2
f + i
2
n + e
2
n
(
1
Rs
+
1
Rf
)2
+ e2n (ω(CL + Cf))
2
]
. (4)
Here In is the total input current noise density, and
the prefactor R2f
[
1 + (ωRfCf)
2
]
−2
accounts for the finite
bandwidth of the preamplifier.
To characterise the the preamplifier noise, and quan-
tify the contribution of each of the noise sources, we
measured the thermal noise spectral density of several
different metal film resistors at T = 4.2 K. These re-
sistors were placed inside the liquid He4 dewar on the
experimental probe. Each of the resistor was connected
by a coaxial cable producing the total shunt capacitance
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FIG. 4. (Color online) The noise characterisation of the cur-
rent preamplifier based on the composite op-amp shown in
Fig. 2. (a) The total current preamplifier noise density spec-
trum measured for an open input (‘O.I.’) and different val-
ues of Rs (12 kOhm, 24 kOhm, 51 kOhm, 246 kOhm). Rs
was immersed in liquid He4 (T = 4.2 K) and connected by
the coaxial cable with CL = 438 pF. The red dash dotted
line represents the thermal noise of the feedback resistor Rf
(if = 41 fA/
√
Hz). (b) The total current noise of the open-
input preamplifier measured for different input capacitances
CL. The dashed line shows the current noise expected from
coupling of the voltage noise en = 2.9 nV/
√
Hz through ca-
pacitor CL = 1 nF. The dash dotted line represents the ther-
mal noise of the feedback resistor. (c) and (d) The extracted
op-amp voltage and current noise density spectra, correspond-
ingly.
CL = 438 pF. The values of resistor Rs were chosen to
be close to the values typical for mesoscopic quantum
devices (Rs ≥ G−10 ≈ 12.9 kOhm, where G0 = 2e2/h
is the conductance quantum).1–3 The noise spectral den-
sity was measured with SR770 FFT Spectrum Analyzer
(Stanford Research Systems). In order to increase SNR
of the noise measurements, we used an additional low-
noise voltage preamplifier (LI-75A, NF Corporation) in
series with the tested current preamplifier.
The total current noise spectral density In measured
for different Rs is shown in Fig. 4(a). On the same fig-
ure we plotted the current noise spectrum for the open
input preamplifier (marked as ‘O.I.’). The open input
noise represents the minimal possible noise of the current
preamplifier, and it is estimated to be about 46 fA/
√
Hz.
This noise consists of the thermal noise of the feedback
resistor if , and the current noise of the composite op-amp
in (contribution from the voltage noise en is negligibly
small). As seen from Fig. 1(a), the thermal noise of Rf
(41 fA/
√
Hz), shown by the dash dotted line, is the domi-
nant contributor and defines the absolute noise floor. The
high-frequency increase observed at f > 2 kHz is typical
for the current noise of an op-amp.11 As expected from
Eq. (4) the total noise increases if DUT and cable are con-
nected to the preamplifier. The increase occurs due to
the contribution from the thermal noise is, and coupling
of the voltage noise of the op-amp en through resistance
Rs and capacitance CL (last two terms in Eq. (4)). The
thermal noise of the DUT is independent on frequency
and adds equally to the whole spectrum. The voltage
noise, on the contrary, has a 1/f component11 which is
responsible for the noise increase at f < 100 Hz. The
relatively frequency-independent minimum of the total
noise at a given Rs occurs in the frequency range from
100 Hz to 2 kHz. This noise floor is mainly determined by
contributions from is and en/Rs. At higher frequencies
(f > 2 kHz) the voltage noise of the op-amp becomes also
coupled through the input capacitance as enω(CL +Cf),
and adds to the increasing high-frequency noise, initially
brought by the op-amp current noise in. Despite the fact
that capacitor is noiseless, the input voltage noise cou-
pled to the input capacitor introduces a significant share
of the total noise, which is often overlooked. To illus-
trate how en is coupled through the input capacitance,
we measured the total noise of the preamplifier with only
CL connected to the input. Figure 4(b) clearly shows that
the high-frequency current noise increases with increas-
ing capacitance CL due to larger contribution from the
op-amp voltage noise.
Assuming that the voltage source en does not con-
tribute to the open-input noise, and the thermal noises of
Rf and Rs are known, one can extract the spectral den-
sity of the op-amp noise. Figures 4(c) and 4(d) show the
spectrum of the voltage (en) and current (in) noise of the
op-amp, correspondingly. As noticed before, en has a 1/f
component for f < 100 Hz and becomes frequency inde-
pendent at higher frequencies. The voltage noise density
at 1 kHz is found to be about 2.9 nV/
√
Hz, which is
the value expected for the voltage noise of AD743.9 The
current noise in is frequency-independent up to 2 kHz
with the minimum noise density of about 22 fA/
√
Hz at
1 kHz, which is about 3 times higher than that expected
for the current noise of AD743. Most likely, the discrep-
ancy originates from the unaccounted noise of the gain
booster stage of the composite op-amp.
Figure 4(a) gives an idea on the optimal frequency
range suitable for the lock-in measurements with this cur-
rent preamplifier. It is clear that the lowest total noise
occurs in the range from 1 kHz to 2 kHz. The advantage
of higher lock-in reference frequency is that it allows to
avoid the low-frequency 1/f -noise, and reduce the lock-in
integration time (provided SNR is high enough), which
makes the measurements faster. The excellent frequency
response and noise characteristics made possible to use
the described current preamplifier in real mesoscopic
transport experiments on one-dimensional conductors12
5and quantum dots13 performed at submilli-Kelvin tem-
peratures. The lock-in measurements using the compos-
ite preamplifier at ∼1 kHz with 30 ms integration time
gave SNR comparable to that measured with the conven-
tional current preamplifier (ITHACO 1211) at frequen-
cies below 100 Hz and 300 ms integration time.
V. CONCLUSION
A simple low-noise large bandwidth current pream-
plifier based on the composite operational amplifier is
proposed. The composite operational amplifier has been
employed to increase the open loop gain. The compos-
ite part was implemented by a low-noise BiFET input
stage followed by a non-inverting high-speed voltage gain
booster with common feedback network. The designed
preamplifier had current gain 107 V/A, and showed the
bandwidth up to 100 kHz with 1 nF capacitor across the
input. Apart from the large bandwidth, the described
preamplifier demonstrated excellent noise characteristics.
The current noise was found to be around 46 fA/
√
Hz at
1 kHz, which is close to absolute minimum defined by
the thermal noise of the feedback resistor. The voltage
noise was measured to be 2.9 nV/
√
Hz and shown to give
a significant contribution to the total current noise when
the DUT resistance and input capacitance are finite. The
proposed current preamplifier was proven to be an excel-
lent tool in mesoscopic quantum transport experiments.
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